Algae have several industrial applications that can lower the cost of biofuel co-production. Among these co-production applications, environmental and wastewater bioremediation are increasingly important. Heavy metal pollution and its implications for public health and the environment have led to increased interest in developing environmental biotechnology approaches. We review the potential for algal biosorption and/or neutralization of the toxic effects of heavy metal ions, primarily focusing on their cellular structure, pretreatment, modification, as well as potential application of genetic engineering in biosorption performance. We evaluate pretreatment, immobilization, and factors affecting biosorption capacity, such as initial metal ion concentration, biomass concentration, initial pH, time, temperature, and interference of multi metal ions and introduce molecular tools to develop engineered algal strains with higher biosorption capacity and selectivity. We conclude that consideration of these parameters can lead to the development of low-cost micro and macroalgae cultivation with high bioremediation potential.
Introduction
The presence of heavy metal ions such as lead, copper, cadmium, zinc, and nickel as common contaminants in industrial wastewater leads to pollution of natural environment (O'Connell et al., 2008; Tsekova et al., 2010) . Residual nutrients and heavy metal ions in domestic and agro-industrial wastewaters are also responsible for the pollution of rivers, lakes, and seas (de-Bashan and Bashan, 2010) . Biosorption and accumulation of heavy metal ions in aquatic food chains can pass to humans causing major health problems (Sridhara Chary et al., 2008) . Heavy metal ions even at low concentrations can be toxic to humans. For example, lead is highly toxic and can cause damage to the nervous system, kidneys, and disturbance of vitamin D metabolism, especially in children (ATDR, 2007) . Nickel compounds are known to be carcinogenic (ATDR, 2005) , and long-term exposure to cadmium is associated with kidney damage, bone mineral loss, increased risk of bone fractures, and reduced lung function (ATDR, 2012) . Exploring innovative means to effectively treat wastewater can further protect global freshwater resources and aquatic ecosystems. Over five decades of research on algal-based wastewater treatment and environmental biotechnology has a potentially valuable role to play both in industrial pollution remediation and research (Oswald, 2003; Hoffmann, 1998) .
To reduce the cost of treatment, the recovery of precious metals such as gold and silver from processed waters, and extraction of radionuclides such as uranium from aqueous solutions, may have some economic benefits (Wang and Chen, 2009 ). However, treating wastewater containing heavy metal ions is a major economic challenge. The main physicochemical approaches to remove heavy metal ions from wastewaters include chemical precipitation (Charerntanyarak, 1999) , ion exchange (Dabrowski et al., 2004) , electrokinetic (Yuan and Weng, 2006) , membrane processing (Qdais and Moussa, 2004) , and adsorption (Lee et al., 2012; Goharshadi and Moghaddam, 2015) . The high costs of chemicals at industrial scales, and incomplete removal of the heavy metal ions are among the main limiting factors in the development of physicochemical approaches. Moreover, increasingly stringent rules and restrictions on effluent discharge into the environment necessitate the use of alternative methods. Biosorption of heavy metal ions in wastewater using algae can offer an ecologically safer, cheaper, and more efficient means to remove metal ions from wastewater. Indeed algae can be used for sorption of toxic and radioactive metal ions (Pohl and Schimmack, 2006) , and also to recover precious metal ions like gold and silver (Darnall et al., 1986; Mata et al., 2009a) . However, to achieve the desired level of treatment with live algal systems it is necessary to know the maximum autotrophic production, requiring detailed algal culture physiological characterization.
The biosorption of heavy metal ions by various mechanisms such as ion exchange, complex formation, and electrostatic interaction takes place at the micro-scale (Mata et al., 2008; Demirbas, 2008) . Among these mechanisms, ion exchange is the most important mechanism in the biosorption of heavy metal ions by algal biomass (Michalak and Chojnacka, 2010; Mehta et al., 2002a) . In this review article, we have focused on heavy metal ion bioremediation using algal biomass to treat wastewaters, and have critically assessed the potential venues of future research and application. We have also presented enhancements to the biosorption capacity of biosorbents and reviewed the effective parameters in the biosorption of specific heavy metal ions by algal biomass (Uzuno glu et al., 2014; Das et al., 2015; Yaqub et al., 2012) . We have also discussed different approaches that can be used to reduce the cost of algae cultivation by linking biomass production with wastewater treatment in order to grow algae in wastewater for biological treatment of wastewater and simultaneous production of biofuel (Lyon et al., 2015) .
Industrial wastewater
According to global statistics the distribution of water usage is 22% in industry, 8% domestic and 70% in agriculture (UNESCO, 2003) . A big fraction of this water is discharged into the environment as wastewater. For example in Germany 1534.6 million m 3 wastewater was generated in 2010 (Eurostat and the statistical, 2011). Therefore, it is necessary to have a modern approach to treat the industrial effluents.
Disposal of such huge effluent volumes to surface waters has major implications for the environment and freshwater sources has forced authorities to regulate standards for discharging industrial wastewater (IW). The initial composition of the IW largely determines the technical and economic requirements for treatment to meet regulated discharge criteria.
The composition of the IWWs is as diverse as the sources and sites of IWWs. Industrial wastewaters mostly contain heavy metals as well as organic toxins and surfactants. Effluents from textile, electroplating and other metal processing industries have considerable amounts of toxic metal ions. The conventional methods of IWWTs involve precipitation, ion exchange and electrochemical methods (Ahluwalia and Goyal, 2007) . These conventional methods are not cost effective in large scale removal of heavy metal ions. The non-conventional methods of heavy metal ion remediation includes the use of algae (both macro and micro algae) biomass. The main advantage and potential of using algae biomass for heavy metal ion bioremediation is the sustainability of the process and hence the cost effectiveness of the method in industry scale bioremediation. O'Connell et al. (O'Connell et al., 2008) . published details of a number of industries that produce IW with different heavy metal ions. Some IWs can be considered an enriched medium to cultivate highly productive algal strains with high biosorption capacity in order to remove heavy metal ions. However, the presence of some heavy metal ions in IWs may interfere with the growth of algae, although their influence can be moderated with dilution or mixing of IW with organic compounds (Abinandan and Shanthakumar, 2015) . Hence, characterization of the IW in order to determine the type of pollution and available nutrients is important as it directly influences the algae growth and IW treatment (Komolafe et al., 2014) . In living algae cells, the ability to treat IW is dependent on the growth rate; growth rate directly determines the biomass concentration, and it in turn influences the total biosorption capacity of metal ions. However, this review focusses on the uniqueness of using algae biomass (live and nonliving) for bioremediation. As highlighted earlier, detailed small scale laboratory studies indicated that algae biomass (dead or alive) can actively remove various heavy metals. While, comparative cost analysis indicated that conventional methods of IWWTs are 10 times more expensive than algae based IWWTs, there is not report on the pilot or demonstration scale studies (Volesky, 2007) . Furthermore, to date no detailed techno-economic feasibility on such process has been conducted. It is to be noted that sustainable reliability of any proposed process, must be tested at pilot and demonstration scale prior to commercialization. This follows by detailed techno-economic and LCA.
Bioremediation of heavy metal ions using algae
Biosorption is considered an innovative technology to remove heavy metal ions from wastewaters using predominantly inactive biomass and non-living algae. There are few reports (Lamaia et al., 2005) of using live algae with a limited sorption capacity as the heavy metal ions often poison the living cells. Moreover, the sorption process shows large variations based on the growth phase of algae. More specifically, living algae are affected by several environmental factors which directly influence the metal ion biosorption capacity. Absorption mechanisms in living algae are more complex than non-living algae since absorption takes place during the growth phase and intracellular uptake of heavy metal ions usually occur in this phase. In contrast, non-living algae cells absorb metal ions biosorption on the surface of the cell membrane and it is considered an extracellular process (Godlewska-_ Zyłkiewicz, 2001 ). Non-living algal biomass can be regarded as an assemblage of polymers (such as sugars, cellulose, pectins, glycoproteins, etc.) that are capable of binding to heavy metal cations as adsorbents with the potential of cost-effective wastewater treatment (Volesky, 2007; Arief et al., 2008) .
The toxic level of heavy metal ions in variant algal species can be highly strain specific, which consequently determines the potential remediation capacity using a specific algal strain. In other words, a heavy metal ion may exhibit a selective interaction with one specific algal strain, in addition to differences between similar species. For example, Monteiro et al. (Monteiro et al., 2010) . investigated cadmium ion removal using two strains of Desmodesmus pleiomorphus cells, and found a 25% difference between the capacity of cadmium biosorption using 'L' and 'ACOI 561' strains. In terms of species differences, Romera et al. (Romera et al., 2007) . found the following macroalgal species possess differing copper sorption capacity: Fucus spiralis > Ascophyllum nodosum > Chondrus crispus > Asparagopsis armata > Spirogyra insignis > Codium vermilara. The physicochemical conditions affecting the maximum capacity of metal ion removal for different micro and macro algae strains are summarized in Table 1 . This table shows that most metal ion uptake occurs at a low pH (3e5), and that dried algal biomass exhibits a greater metal ion biosorption capacity compared to live algae. The solution pH has a significant influence on dissociation of the surface functional groups of non-living algal biomass and on the solution chemistry of heavy metal ions (Pavasant et al., 2006; Guo et al., 2008) . The impact of pH on metal uptake can be influenced by the surface functional groups on the biomass' cell walls, and the solution metal chemistry (Sheng et al., 2004) . Table 1 also reports the optimal time for heavy metal ion sorption. Accordingly, biosorption capacity could usually reach to the acceptable level during the first 120 min.
Heavy metal ion accumulation by microorganisms generally occurs in two phases (Monteiro et al., 2011a (Monteiro et al., , 2012 . The first phase occurs on the cell surface and consists of fast inactive biosorption, which is completely independent of cellular metabolism. The second phase consists of active sorption of heavy metal ions into the cytoplasm of algal cells. This phase is dependent on cell metabolism and is known as intracellular ion uptake (TalebiTabatabaei et al., 2013) . Intracellular ion uptake has a large contribution in heavy metal ions biosorption and detoxification (Wilde et al., 2006; Perales-Vela et al., 2006) .
Heavy metal ion biosorption capacity has been attributed to the presence of different types of binding groups on the algal cell surface i.e. hydroxyl, phosphoryl, carboxyl, sulphuryl, amine, imidazole, sulfate, phosphate, carbohydrate, etc. (KaplanRichmond and Hu, 2013) . The availability of active sites for heavy metal ion uptake in algal cells can be probed by FTIR spectroscopy (Gupta and Rastogi, 2008a) . The sorption capacity of an algae cell surface to a specific ion also depends on factors such as the number of functional groups in the algae cells, the coordination number of the metal ion to be sorbed, the accessibility of binding groups for metal ions, the complex formation constants of metal ion with the functional group, and the chemical state of these sites. Usually the presence of binding groups make the net charge of the cell surface negative, which is related to the deprotonation of carboxyl and phosphate groups on the cell surface (Mehta and Gaur, 2005) . Fig. 1 (Volesky, 2007) . Although metal-ligand complex formation is well classified into different Groups and Classes, but from the chemistry perspective it would have been more beneficial to include the complex formation constants between the metal ions and the different ligands at the cell surface. This will enable the researchers decide on preferential metal ion biosorption and the effects of interfering ions. According to the pK a of functional groups listed in Table 3 , carboxyl groups, sulfonate, phosphate, and phosphodiester have the largest contribution in sorption capacity. Due to the relative abundance of each of these functional groups in different algal strains, each will exhibit a different capacity for metal ion biosorption. Algae cell walls are the first barrier against the biosorption of heavy metal ions. Polysaccharides and proteins present in algae cell walls have the most metal binding sites (Schiewer and VoleskyValdes, 2000) . Due to the different distribution and abundance of cell wall compositions in different algal strains, the capacity of metal ions biosorption by the variant algal strains will vary. Romera et al. (Romera et al., 2006) . introduced brown algae as a very good candidate for biosorbents of heavy metal ions based on the comparison of different algal strains and biomass-metal ion affinity. Brown algae, with alginate in their cell wall composition has a high affinity for biosorption of lead ions (Romera et al., 2007) . Alginate polymers constitute the primary means of sorption of heavy metal ions in brown algae, and their biosorption capacity is directly related to the presence of binding sites on this polymer (Romera et al., 2006; Davis et al., 2003) .
The main factors influencing heavy metal ion biosorption
Biosorption of heavy metal ions by algae may be affected by several factors, including concentration of metal ions and algae biomass, pH, temperature, and the presence of competing ions. This section aims to review these factors and their possible effects on the metal ions biosorption.
The influence of initial metal ion concentration
Heavy metal ion removal by algal biomass depends largely on the initial concentration of metal ions in the solution phase. Biosorption initially increases as the initial concentration of metal ion increases. In following, no more considerable increase in metal sorption is observed by a tandem increase of metal ions concentration (Singh et al., 2010) . This phenomenon could be used to increase biosorption capacity. For example, Monteiro et al. (Monteiro et al., 2011b) . reported a 5-fold increase in initial concentrations of Zn (II) (from 10 to 50 ppm) boosted the metal ion sorption from 19 to 209.6 mg Zn (II)/g dry biomass of Scenedesmus obliqus. This leads to an increased biosorption capacity and a reduction in the removal yield of the metal ions. In other words, the higher the metal ion concentrations the lower the efficiency and removal yield would be (Malkoc and Nuhoglu, 2003) . At low metal ion concentrations removal takes place more efficiently than higher concentrations. For example, Mehta and Gaur (Mehta and Gaur, 2001a) reported that Chlorella vulgaris biomass is able to remove 69% and 80% of Ni (II) and Cu (II) cations in concentrations of 2.5 ppm, respectively. While increase in the initial concentration of Ni (II) and Cu (II) to 10 ppm, the metal removal rate was reduced only to 37 and 42%, respectively. This clearly shows that the increase in metal ion concentration from 2.5 to 10 ppm reduced the bioremoval rates by about half. Due to the toxicity of some heavy metal ions for live algal strains metal ions uptake will be reduced by destruction of algal cells, and an optimization of metal ion concentrations is necessary for the efficient growth of algae. Shanab and Essa (Shanab and Essa, 2007) investigated the effects of concentrations of mercury, cadmium, and lead ions on the growth of Scenedesmus quadricauda. They observed that low concentrations of lead and cadmium ions (5e20 ppm) enhanced algae growth through increased chlorophyll content, while mercury ions had a toxic effect on the algal cells in any concentration. Lamaia et al. (Lamaia et al., 2005) . continually increased the exposure time and concentrations of lead and cadmium ions to explore the toxicity in a common filamentous live green algae, Cladophora fracta. The main toxicity symptom of Pb and Cd ions to C. fracta was a relative decrease in culture productivity, with total chlorophyll content loss, reduced number of chloroplasts, and disintegrated cell walls responsible for cell death and reduced cell growth.
To illustrate the interaction of live algal cells and toxic concentration of heavy metal ions, it is worth noticing that after biosorption of heavy metal ions to algal cells, they are transported to cell vacuole. During this step structural/binding proteins such as metallothioneins (MTs) bind to adsorbed ions and thus avoids inhibitory effects of accumulative concentration of metal ions in the host cells. This mechanism allows the normal biochemical activities to continue in the presence of toxic/lethal concentrations of heavy metal ions (Monteiro et al., 2012) . However, the presence of excessive toxicity of heavy metal ions could lead to protein structure denaturation, replacing essential elements or damage to the oxidative balance of the live algae. Intensity of the stress on algal cells depends on the content of oxidized proteins and lipids in the algae cells. The protection response of algae cells against heavy metal ions is extremely dependent on their resistance to the oxidative damages (TalebiTabatabaei et al., 2013; Arunakumara and Zhang, 2008) .
The influence of pH on sorption selectivity
pH is one of the most important determining parameters of the capacity of metal ion uptake by algal biomass (Mata et al., 2009a; Mehta et al., 2002a; Han et al., 2006; Gupta et al., 2001; Zeroual et al., 2003; Rangsayatorn et al., 2002) . Dependence of metal ion uptake on pH is related to the metal ion complexation chemistry in solution, and behavior of many different functional groups present in the surface of algal cells as well as to complex formation constants (Gupta (Volesky, (2007) , with permission).
2007). Han et al. (Han et al., 2006) . investigated the Cr (III) uptake by Chlorella miniata biomass and found that biosorption capacity in pH 3, 4 and 4.5, was 14.17, 28.72 and 41.12 mg Cr (III)/g dried algae, respectively. Similar research by Gupta and Rastogi (Gupta and Rastogi, 2008b) on the uptake of Pb (II) by Spirogyra sp. biomass showed that biosorption of Pb (II) at the pH < 3, is very low. When the pH increased in the range of 3e5, an increase in lead ions sorption was observed, with the maximum amount of sorbed ions being 140 mg/g at pH 5. Considering lead (II) hydroxide solubility product (K SP ) to be 1.4 Â 10 À20 , and assuming 1.4 mM lead ion concentration, the hydroxide ions from K sp calculations would be
2 , or hydroxyl ion concentration of 10 À7 M and pH ¼ 7. This implies that even at a micromolar concentration of lead ions, at pH 7 or higher, the lead(II) ions will precipitate as lead(II) hydroxide before biosorption by algae cells. In the case of biosorption using living algal cells, it can be inferred that during photosynthesis the inorganic carbon content of the culture medium was depleted, and consequently the pH increased. Concurrently, the biosorption of some metal ions such as Pb (II) might increase. Thus, injection of CO 2 can be used to control the acidity of the culture medium (Raeesossadati et al., 2014 (Raeesossadati et al., , 2015 . The absence of H þ ions increases the ability of establishing links between metal cations and ligands, leading to improved metal ion removal by algal biomass. Conversely, functional groups in acidic solutions are protonated and prevented from binding cations to functional groups (Han et al., 2006; Gupta and Rastogi, 2008b) , resulting in a reduction of biosorption capacity. Therefore, finding the optimal pH for maximum metal ion removal by specific algae is paramount, as it strongly correlates with the biomass surface charge, degree of ionization, and absorbing sites. The first step in the mechanism of biosorption and bioaccumulation of heavy metal ions is the diffusion of ions to the algae cell surface which is negatively charged from ionization of functional groups. The negatively charge surface will adsorb the counterions, ie heavy metal ions in this case, to have a double layer originated from the cell surface. The sorption of the metal ions causes the depletion of ions in media (growth media for live algae) and this depletion lowers the ionic strength of the media that causes the expansion of double layer thickness. Therefore, the biosorption of heavy metal ions is more efficient in dilute media (Ahmadzadeh et al., 2007) .
The tendency for selective metal ion uptake at an optimized pH is useful in targeted biosorption in multi metal ion solutions. Aksu et al. (Aksu et al., 1999) . in a study on C. vulgaris biomass, determined the optimal Cu (II) and Cr (VI) biosorption at pH 4 and 2, respectively. The optimal pH for these metal ions is related to their chemical interaction with the algal cells. In an investigation by Cimino et al (Cimino et al., 2000) . the influence of pH on the distribution of Cr (VI) . Therefore, increasing pH negatively affected the final capacity of chromium bioremoval.
Due to the various chemical forms of metal ions found in IW, pH adjustment could play an important role in biosorption capacity (Wilde et al., 2006) . Usually NaOH and HCl (Areco et al., 2012) , H 2 SO 4 (Uzuno glu et al., 2014), HNO 3 (Yaqub et al., 2012) , or the buffer (Tamilselvan et al., 2012) are used for adjusting pH of IW solutions. Based on the properties of metal ions, suitable acids, bases, or buffers should be chosen to adjust the pH. For example, in biosorption of lead due to the formation of the PbSO 4 precipitates, H 2 SO 4 should not be used. Buffering interferences with metal ions in the solution is also important and should be considered. For example, Ni (II) and Cd (II) concentrations when using a phosphate buffer to adjust the pH may result in the formation of phosphate precipitate.
The influence of biomass concentration
The amount of metal ions removed from a solution phase is dependent on the algae biomass concentration, and increasing biomass concentrations reduces metal ion uptake per gram of biomass (Mehta and Gaur, 2001a; Gokhale et al., 2008; Singleton and Simmons, 1996; Finocchio et al., 2010) . In practical terms, increased biomass concentrations positively increases final bioremoval, although it negatively affects biosorption capacity of heavy metal ions (Mehta and Gaur, 2001b) . Electrostatic interactions between cells have a significant effect on metal ion uptake by algal biomass, with high biomass concentrations having a 'shell effect' on the outer structure of biomass and avoiding functional group binding to metal ions (Romera et al., 2007; Fraile et al., 2005) . The shell effect enables the control of complex formation by adjusting pH to the isoelectric point. Mehta and Gaur (Mehta and Gaur, 2001b) found out that a 100-fold increase in biomass concentration of C. vulgaris is accompanied by a significant increase in removal of Ni (II) and Cu (II). In a similar study on Scenedesmus abundans by Terry and Stone (Terry and Stone, 2002) , competition between Cu (II) and Cd (II) for binding sites was observed, and higher concentrations of biomass prevented such competition. There is also a variable effect of biomass concentrations on the metal ion biosorption capacity This was investigated by Romera et al. (Romera et al., 2007) . using different algal strains and metal ions, and was reported that maximum biosorption efficiency could be obtained at the lowest biomass concentration.
The influence of temperature
Biosorption efficiency of each metal ion is different for each algae species with different response to the temperature (Monteiro et al., 2010; Gupta et al., 2010) . Although metal ligand complex formation constants are primarily a function of temperature, some previously published studies claimed that increased algal culture temperatures could potentially increase metal ion biosorption capacity (Gupta and Rastogi, 2008b; Deng et al., 2006; Deng et al., 2007; Khan et al., 2012; Sari and Tuzen, 2009; Saǧ and Kutsal, 2000) , with no consideration of formation constants changes by temperature. The possible reasons for increasing temperatures to result in increasing metal ion biosorption include: (1) An increased number of active sites involved in metal ion uptake; (2) an increased tendency of active sites to absorb metal ions (Mehta and Gaur, 2005) ; (3) a reduction in mass transfer resistance in the diffusion layer by a reduction of the thickness of the diffusion boundary layer around the adsorbent groups (Meena et al., 2005) , and (4) change of complex formation constant with temperature (Bayes et al., 2012; Harris, 2010) . However, other studies suggest that metal ion uptake by some algae is exothermic and uptake capacity increases with decreasing temperature (Gupta et al., 2010; Tuzen et al., 2009 ). There is also observation that indicate temperature has no significant influence on the metal ion uptake by algal cells (Rangsayatorn et al., 2002; Lodeiro et al., 2006; Martins et al., 2004) , and similarly several studies have determined temperature-linked changes in metal ion uptake by living algal cells (Mehta et al., 2000 (Mehta et al., , 2002a . These seemingly incompatible results may be resolved by noting that optimum temperatures is usually a narrow range for active biological reactions in living cells, and temperature variations cause different biosorption behaviors in various algal strains with different metal ions. Most importantly is the change of complex formation constant with temperature which is apparently been neglected by most researchers. The biosorption capacity of cadmium ions increase with decreasing temperature for specific algae because of the exothermic nature of cadmium ion bioremoval (Aksu, 2001; Cruz et al., 2004; Tuzen, 2008a, 2008b) . Similarly, research by Aksu (Aksu, 2001 (Aksu, , 2002 investigated the effect of temperature on the C. vulgaris biomass for biosorption of Cd (II) and Ni (II). They observed the maximum biosorption for Cd (II) and Ni (II) occurred at 20 and 45 C, respectively.
Temperature also influences biosorption of metals by non-living algal biomass as the adsorption equilibrium is determined by the exothermic or endothermic nature of the process. A number of studies on the effect of temperature on adsorption isotherms, metal uptake, and also biosorption thermodynamics parameters have been performed (Dundar et al., 2008; Malkoc and Nuhoglu, 2007; Gupta and Rastogi, 2008c) . Due to intracellular absorption and enzymes in the transfer of ions into the living algae cell, increasing temperature might have a greater impact on the absorption capacity as compared with non-living algae. Altogether, these factors will lead to reduced absorption capacity of the living algae more than non-living algae.
The influence of contact time
Heavy metal ion biosorption is highly dependent on contact time. Based on the previously published reports discussing the kinetics of heavy metal ion biosorption on algae cell surface, the mechanism of biosorption is algae strain specific (Yaqub et al., 2012; Zhang et al., 2016; Lee et al., 2016) . Biosorption takes place in two stages, where; (1) for algae biomass, ions adsorb to cell membrane passively and biosorption of metal ions occurs rapidly within the first minutes, and; (2) for live algae, active sorption occurs as heavy metal ions slowly uptake into the algal cell. Vogel et al. (Vogel et al., 2010) . investigated the uptake of uranium by non-living C. vulgaris and observed that more than 90% of the dissolved uranium adsorb during the first 5 min. In another study, Tüzün et al. . showed that the biomass of Chlamydomunas reinhardtii microalgae rapidly adsorbed free ions of Hg (II), Cd (II) and Pb (II), with the biosorption equilibrium achieved in 60 min. Mata et al. (Mata et al., 2009a) . reported the amount of Au (III) adsorbed at a pH of 7 on the biomass of Fucus vesiculosus macroalgae, after 1 and 8 h were 28.95 mg/g and 74.05 mg/g of dry algae, respectively. This demonstrates that biosorption of heavy metal ions is a passive process that occurs relatively rapidly, even when algal cells are non-living. In living algae contact time has a greater effect on the biosorption capacity. For example, Lamai et al. (Lamaia et al., 2005) . measured the uptake of cadmium and lead ions by Cladophora fracta, separately harvested after 2, 4, 6, and 8 days, and found while the algal growth rate decreased over time, a greater biosorption capacity was obtained in older cultures. These results suggest that while passive heavy metal biosorption commences swiftly in the first moments of contact, a greater level of IW heavy metal bioremoval can be achieved with longer contact times using living algae. The issue with 'older' cultures from chemistry point of view is the gradual depletion of nutrients and reduction of the ionic strength of the growth media with time. This will affect the biosorption capacity of heavy metal ions onto the algae cell surface.
The influence of multi metal ion systems
The type, combinations, and concentrations of heavy metal ions vary greatly among wastewaters. For example, electrolytic effluent contain a mixture of metal ions such as Hg, Mn, Ni, Pb, and Cu ions (Vegli o et al., 2003) . Bioremoval of multiple metal ions in solution is a common situation rather than relatively simple single metal ion solutions. Despite investigation of single metal ion solutions being routinely surveyed in the research literature, the real situation for IW treatment is more complicated due to the presence of multiple metal ions that needs further investigations. The presence of multiple heavy metal ions in the algal growth media imparts major physiological and biochemical consequences (Bajguz, 2011; ElSheekh et al., 2005) . In multi-metal ion systems metal ions compete for binding to algal ligands, and the presence of some cations significantly influence the uptake of other metal ions by algal cells (Bayo, 2012; El-Naas et al., 2007) . Aksu and D€ onmez (Aksu and D€ onmez, 2006 ) studied the effect of cadmium ions on the removal of nickel ions and vice versa, and found simultaneous biosorption of nickel and cadmium ions significantly repressed the total biosorption capacity in comparison to the single ion solutions. Table 4 presents heavy metal ion uptake in binary solutions. In general all binary solutions show a decrease of metal ion biosorption. There are several studies showing that the role of light metal ions on the toxicity of heavier metal ions biosorption is very small (Deng et al., 2006 (Deng et al., , 2007 . However, high concentrations of monovalent cations of Na þ and K þ , could increase the ionic strength of wastewater, leading to a reduction in biosorption capacity of biomass (Schiewer and Wong, 2000; Vilar et al., 2008) . In water contaminated with multiple heavy metal ions, competition among the metal ions to bind to the active sites of cell surface is directly influenced by the concentration of each ion and their properties, primarily electronegativity and ionic radius (Bayo, 2012; Sulaymon et al., 2012) . For example, aluminium ions can interfere with biosorption of copper ions preventing access to the binding sites at the cell surface (Lee et al., 2004) , while the copper ions in the solution had no significant effect on Al þ3 ion biosorption (Lee and Volesky, 1999) . Similar research by Kaewsarn et al. (Kaewsarn et al., 2001 
The influence of other factors
Growth rates, level of dissolved nitrates, and light intensity can contribute to the removal of heavy metal ions by algae. Nitrate is a primary nutrient for algae growth, and changing in initial nitrate concentration can influence algae growth and biomass production (Taziki et al., 2015a) . Nitrate depression results in algae producing high amounts of lipids or low amounts of biomass, and therefore, low metal ion biosorption (Taziki et al., 2015b) . The effect of light intensity on metal ion uptake is largely unknown. The metal ion biosorption is proposed to be metabolismindependent for algal biomass and a two phase of metabolismindependent and metabolism-dependent for living algae (Garnham et al., 1992) , the former is slow and the latter is fast. The initial metabolism-independent step, commonly valid for biosorption of metal ions on biomass is independent of light and temperature. However, research by Subramanian et al. (Subramanian et al., 1994) . found biosorption of Zn (II) in the dark regions is slightly higher than that in light regions. Culture medium dissolved gas concentration is also another factor that affects the growth rate of biomass and its contents. For example, Ota et al. (Ota et al., 2011) . investigated the effect of dissolved oxygen on lipid synthesis in Chlorococcum littorale, and found that the lipid production can be imitated by dissolved oxygen in photoautotrophic culture. The numerous variations in growth conditions affecting the availability of binding groups also influence the characteristics of the algal biomass, resulting in changes to relative heavy metal ion biosorption capacity.
Metal ion sorption by pretreated algae biomass
Increased heavy metal ion uptake by algal biomass can be enhanced by several physical/chemical treatments that change the algal cell surface properties to provide additional binding sites. Algal biomass physical treatments such as heating/boiling, freezing, crushing, and drying usually lead to an enhanced level of metal ion biosorption. These treatments influence the important role of the cell wall in biosorption of metal ions, as non-living cell membrane destruction provides more surface area to increase the biosorption capacity (Lopez Errasquın and Vazquez, 2003) and release the cell contents for possible increase in binding cell components to metal ions. The most common algal pretreatments are CaCl 2, formaldehyde, glutaraldehyde, NaOH, and HCl. Pretreatment by CaCl 2 causes calcium binding to alginate that plays an important role in ion exchange (Rinc on et al., 2005; Bishnoi et al., 2007) . Formaldehyde and glutaraldehyde help strengthening the crosslinking between functional groups, especially hydroxyl groups and amino groups (Dabbagh et al., 2008; Ebrahimi et al., 2009) . NaOH increases the electrostatic interactions of metal ion cations, and provides optimum conditions for ion-exchange, while HCl replaces light metal ions with a proton and also dissolves polysaccharides of cell wall (Romera et al., 2006) , or denatures proteins (Srinivasa Rao et al., 2005) , and increase bonding sites to improve biosorption.
Arica et al. . investigated the effect of heat and acid treatment on the uptake of Cr (VI) by the biomass of Chlamydomunas reinhardtii. The Cr (VI) biosorption capacity for the treated biomass was 25.6 and 21.2 mg/g, respectively; significantly higher than the untreated dried biomass (18.2 mg/g). Table 1 summarizes the effect of different physicochemical treatments on the biosorption capacity of different algal strains, enabling a comparison of implemented treatments on biosorption capacity. In order to increase biosorption of Cu(II) and Ni(II), Mehta and Gaur (Mehta and Gaur, 2001a ) treated chlorella vulgaris biomass by HCl, HNO 3 , and NaOH, and observed Cu(II) and Ni(II) bioremoval were higher than the control sample. Several studies indicated that CaCl 2 is a costeffective treatment to increase the metal ion sorption by algal biomass. For example, in order to increase biosorption of Pb (II), Rincon et al. (Rinc on et al., 2005) . treated Fucus vesiculosus macroalgal biomass by CaCl 2 , HCl, and formaldehyde, and observed the Pb (II) biosorption capacity of CaCl 2 treated biomass was higher than the control sample.
The effectiveness of implemented treatments in metal ion biosorption is directly dependent on the type of active sites present on the cell surface. In a study, Zhao et al. (Zhao et al., 1994) . investigated the effects of different treatments (HNO 3 , HCl, NaOH, acetone and water, 60 C) on the biosorption of variant metal ions such as Pb, Cu, Zn, Cd, Cr, Mn, Ni, Co, Hg, Au, and Ag using six species of marine algae. They found that to varying extents all treatments successfully increased the ability of biomass to bind metal ions and improve biosorption capacity. Other chemical treatments (such as phosphorylation) can enhance the biosorption of radioactive ions from aquatic environments (Klimmek et al., 2001) . For example, Pohl and Schimmack (Pohl and Schimmack, 2006) (Zhang et al., 1997) . observed a decrease in uranium uptake by Scenedesmus obliqus after treatment with HCl, NaOH, NaCl, and diluted ethanol. Modification of the growth media (i.e. introducing supplements such as glucose, ammonium sulfate, phosphate, etc.) can potentially improve the metal ion uptake by the biomass (Wang and Chen, 2006) . The goal of all these growth media treatments are improving the conditions to favor contact between functional groups and metal ions through additional binding sites or improved linkage between the chains of biopolymers (Rinc on et al., 2005; Yan and Viraraghavan, 2000) .
Macro vs micro algae
Seaweed, green macroalgae and their alginate derivatives exhibit high affinity for many metal ions (Mani and Kumar, 2014) . The passive removal of toxic heavy metals by biological materials is an emerging potential known as biosorbents.
To investigate the biochemical properties of the brown algae a comprehensive review was previously published (Davis et al., 2003) ; A detailed description of cellular structure, storage polysaccharides, cell wall and extracellular polysaccharides were discussed in terms of their potential role in metal biosorption in brown macroalgal strains. Alginate plays a critical role in metal biosorption by brown algae. Alginate participate in ion-exchange and complexation result in binding of heavy metals by this polymer. The adsorption capacity of the brown algae is directly related to the alginate content, availability and its specific macromolecular conformation. Alginate comprises a significant component up to 40e45% of the dry weight of Sargassum biomass (Fourest and Volesky, 1995 (Davis et al., 2003) . Sargassum packed columns was investigated to be used in flow-through column systems. Implementation of such packed bed columns inactively adsorb and detoxify heavy metals bearing industrial wastewater (Bertagnolli et al., 2014) . Algal biomass immobilization techniques will be further discussed in the next section. To reply to the question about finding suitable freshwater filamentous algae that possess a high metal ion removal capability, Lee and Chang (Lee and Chang, 2011) evaluate the Pb(II) and Cu(II) bioremoval capacity in two green macroalgae species, Spirogyra and Cladophora, the results indicated that although the functional groups of these two genera of algae were similar, but the adsorption efficiency of Spirogyra spp. for Pb(II) and Cu(II) were superior to those of Cladophora spp. (87.2 and 38.2 mg g À1 for Spirogyra and 45.4 and 13.7 mg g À1 for Cladophora, respectively). Further example of biosorption capacity of different heavy metal ions using diverse macroalgal strains under varying physicochemical conditions are summarized in Table 1 .
Comparison of living and non-living algal species will be comprehensively reviewed in the next section from other standpoints. Microalgae usually step further in contamination bioremoval. In more details, denitrification, dephosphorylation and COD reduction beside heavy metal biosorption are well established in microalgae wastewater treatment (Larsdotter et al., 2003) .
Living vs non-living algae
Although clear differences exist between accumulation of metal ions onto living algae cells and biosorption of metal ions onto nonliving algae biomass, the process with the largest contribution in biosorption of heavy metal ions in both living and non-living algae is mostly the ion exchange process (Monteiro et al., 2012) . Since the influence of operating parameters such as pH, temperature and contact time have been previously discussed, herein the efficiency and also the applicability of living and non-living algae in the removal processes of metal ions will be introduced. While metabolic processes in living algae generally contribute to heavy metal bioremediation (Gadd, 1988) , using non-living algae has recently gained popularity for biosorption of heavy metal ions from solutions. Non-living biomass biosorption advantages include a heavy metal biosorption several times greater in non-living algae as compared to living algae (Mehta and Gaur, 2005; Tsang et al., 1999; Tam et al., 2002) . Moreover, the possibility to recycle non-living algal biomass is a unique characteristic dealing by dead biomass (Aksu and D€ onmez, 2001 ). For example, metal ions bound to the algal cell wall may be removed by washing the biomass with deionised water and desorption agents (HCl, NaOH, CaCl 2 ) (Chen et al., 2012) , whereas living algae have a low mechanical and chemical resistance to physical and chemical treatments for recycling. It is worth quoting that the non-living algae can be easily treated using physical and chemical protocols to enhance adsorption capacity . The use of non-living algal biomass also removes the risks of exposures to highly toxic environments, and do not require intensive management or addition of further growth nutrients (Arunakumara and Zhang, 2008; Franklin et al., 2002) . Nonetheless, several environmental factors influence nonliving algae heavy metal ion biosorption. For example, changes in pH impact living algae to a greater extent than non-living algae as most algae grow in neutral or slightly alkaline mediums (Kong et al., 2010) , and acidic media can affect the algae growth rate, and basic media might cause precipitation of the metal ions (Skoog et al., 2013; Fu and Wang, 2011) . Heavy metal removal in solutions with an extreme pH favors non-living algae over living algae, as using live algae adds complexity to culture medium chemistry management that might lead to unwanted metal ion precipitation and bioremediation interference.
Regarding to the summarized data in Table 1 , meaningful differences could not be tracked among removal efficiencies of living and non-living algae; in more details, different living and nonliving samples of C. vulgaris presented the same ion removal efficiency for U 4þ (Vogel et al., 2010) and Ni 2þ (Al-Rub et al., 2004) biosorption. In summary, the living cells having metabolic activities possibly present higher uptake of metal ions compared to dead biomass. They could also adsorb more diverse range of ions (Doshi et al., 2007) , However, non-living cells present faster uptake kinetics. The dead biomass materials could be successfully reused in successive adsorptionedesorption cycles (Areco et al., 2012) . Finally, low cost and ease of use in non-living cells have developed this technology as a serious candidate for bioremediation of for IW in large scale. Consequently, to achieve the highest removal efficiency, interaction between algal strains, dead or live cells and pollutants should be optimized.
Immobilized algae
Techniques such as flocculation, adsorption on surfaces, covalent binding to carriers, crosslinking of algal cells, and entrapment of algae in polymeric matrix are used for cell/biomass immobilization (Rangsayatorn et al., 2004; L opez et al., 1997) . For immobilization of biomass, natural biopolymers (such as agar and alginate) or synthetic compounds (such as silica gel and polyacrylamide) can be used as supporting materials. Natural polymers are often preferred to synthetic polymers due to non-toxicity to biomass, and for this reason calcium alginate has been widely used for immobilization of algal cells and many other biomass sources (Mehta and Gaur, 2001b; Bayramo glu et al., 2006; Bayramoglu and Yakup Arica, 2009 ). Among synthetic polymers, polyacrylamide has been most extensively used (Darnall et al., 1986; Nakajima et al., 1982) , as it is more resistant than calcium alginate, although its application for immobilization processes is limited by its high cost and toxicity to living cells. Table 5 presents research where immobilized algae has resulted in an increase in biosorption capacity relative to free algal cells, and prevented loss of biomass during the biosorption cycle (Eroglu et al., 2015) . Biomass immobilization enhances photosynthetic capacity (Bailliez et al., 1986) and reduces toxicity of some substances (Bozeman et al., 1989) . It also facilitates repetitive use of algal cells during successive sorption/desorption cycles of metal ions bioremoval from aqueous solutions. Enhanced surface sorption in the immobilized powdered algal cells result in a 2-fold increase in nickel removal in comparison to the free non-living C. vulgaris cells (Al-Rub et al., 2004) . The same observation was reported by Murugesan et al. (Murugesan et al., 2008) . on the potential of immobilized algal cells of Spirulina platensis in cadmium ion biosorption. While algae immobilization has a high potential for removing toxic metal ions from IW, it requires an ideal cost 
Metal ion biosorption enhancement using molecular tools
Exploiting biological mechanisms at the molecular level to produce engineered organisms with higher biosorption capacity and selectivity for specific metal ions can be used to develop new biosorbents. The high cost of conventional technologies to reduce toxic metal ions concentrations in IW to acceptable regulatory standards has prompted exploitation of genetic and protein engineering approaches to produce cost effective 'green' biosorbents. One emerging area of research is the design and development of novel algae strains with increased affinity, capacity, and selectivity for biosorption of heavy metal ions. Many genes are involved in metal-uptake, detoxification, or tolerance (Rosen, 2002) . Cysteinerich peptides such as glutathione (GSH), some lipopolysaccharides, phytochelatins (PCs), and metallothioneins (MTs) bind metal ions (Cd, Cu, Hg etc.) and enhance metal ions bioaccumulation (Ghosh et al., 1999) . For example, tripeptide GSH as a typical low molecular weight thiol has a significant role in detoxification of metal ions. Moreover, it acts as a storage form of endogenous sulfur and nitrogen (Gharieb and Gadd, 2004) . Cell surface treatment technologies have been recently used to improve the performance of biomass in metal ion removal from aqueous solutions, and cell surface MTs or PCs could increase metal ion accumulation capacity. For example Kuroda et al. (Kuroda et al., 2002) . expressed a histidine hexapeptide on the cell surface of engineered yeast Saccharomyces cerevisiae. Furthermore, the introduction of surface exposed MerR (a metalloregulatory protein with high affinity and selectivity toward mercury engineered to strains of Escherichia coli) can increase the capacity of Hg (II) sorption six-fold higher than the wild-type (Bae et al., 2003) .
Genetic and protein engineering can also create artificial proteins with fundamentally new molecular activities and/or imitative functions (Agapakis and Silver, 2009) . A novel protein with both high metal-binding and pre-programmed properties for heavy metal ion removal in theory can be located in any specific cellular compartment (Kostal et al., 2005) . Bae et al. (Bae et al., 2003) . researching recombinant E. coli strains harboring synthetic fusion genes encoded outer membrane peptides with the general structure of (Glu-Cys) nGly, resulting in a doubling of accumulated Cd (II). Outer membrane expression involves nonviable cells in metal ion accumulation with efficient metal ion bounding (Valls and de Lorenzo, 2002) . A recombinant E. coli strain expressing MT fused to the outer membrane of a maltose protein (LamB) showed a 15e20-fold increase in Cd (II) binding compared to the control sample (Sousa et al., 1998) . The efficiency of MT heteroproteins could be enhanced according to the specific role of metal ion membrane transporters. For example, fusion of glutathione Stransfers to MT lead to a 3-fold increase in Ni (II) accumulation in comparison to cells expressing MT with no transporter in transgenic E. coli strains (Krishnaswamy and Wilson, 2000) . Cytoplasmic expression of metal-binding polypeptides such as PC were evaluated as an effective system for cellular detoxification of some metal ions (Robinson et al., 2001) . A combined approach was investigated in a recombinant E. coli by a fusion plasmid harboring mercury transport system and strong intracellular accumulator system. Immobilized cells were able to remove mercurial contamination from wastewater repeatedly (Kiyono and Pan-Hou, 2006) .
Transgenic plants which detoxify/accumulate cadmium, lead, mercury, arsenic, and selenium ions have been transformed by PCs, MTs, metal chelators, and transporter. For example, the MTtransformed plants can grow normally in the presence of 0.1 mM cadmium chloride (Stomp et al., 1994) . The responsible genes for detoxification functions have their highest diversity in bacteria and fungi. Rhizosphere strongly participates in contaminant detoxification. Root exudates increase soil microbial growth and in turn translates into greater metal ion detoxification. Genetic manipulations of mycorrhizal communities associated with woody plants could improve the capacity of woody plants in remediation purposes (Stomp et al., 1994) .
To date little attention has been paid to investigate the recombinant microalgal strains for metal ion biosorption, and it remains highly prospective for engineered algae achieving higher sorption capacities and specificity for targeted metal ions. However, without detailed analyses and targeted strategies, wide-scale implementation of molecular tools has the potential for ecological harm that genetically modified algal strains could possibly threaten the sustainability of a host ecosystem. To mitigate the impacts of such risks one strategy may include further processing downstream from bioremediation activities, or the use of hybrid technologies to obtain a byproduct/biofuel from produced algal feedstock.
Coupling wastewater treatment and biofuel production
Costly chemical-based treatments to remove very high concentrations of nutrients and toxic metal ions from wastewater is the major problem with most wastewater applications (Gasperi et al., 2008) . The potential of algae to efficiently remove heavy metal ion, candidates them as an extremely promising tools for sustainable and low cost wastewater treatment (de-Bashan and Bashan, 2010; Pittman et al., 2011) . Capital, operation, and maintenance costs for microalgal biofuel production can be significantly reduced by using wastewaters for biomass production (Park et al., 2011) . Hybrid wastewater treatment and algae cultivation systems could decrease unit costs of energy by 20e25%, and largely eliminate the cost of nutrient and freshwater supplementation . Coupling of the production of biofuel-directed microalgae with bioremediation of wastewaters provides a pathway to combat eutrophication and industrial pollution in conjunction with the renewable energy production (Lyon et al., 2015) .
Bioremoval of heavy metal ions using microalgae has been considered as an environmentally and economically sustainable approach to remove toxic metals from wastewaters (Mata et al., 2009b) . On the cost side, the need to reduce requirements for chemical remediation of wastewaters, minimizes freshwater consumption, enhances the suitability of algal introduction in the wastewater treatment process (Lyon et al., 2015; Lee, 2013; Zeng et al., 2015; Kesaano and Sims, 2014) . Besides, a wide range of valuable by-products (such as bioethanol and biodiesel), valuable nutrients and bioactive compounds can be extracted from the produced biomass (Park et al., 2011) . Integrated algal-based treatment of wastewater and biofuel production can not only reduce the inputs and costs of algal biomass production, but also efficiently remove potentially hazardous contamination such as residual nutrients, toxic metal pollutants, and even transgenic algae from wastewaters (de-Bashan and Bashan, 2010; Ruiz-Marin et al., 2010) . The coupled system is a useful approach where nutrient and heavy metal ion removal is required prior to wastewater discharge. Moreover, production of biofuels could also decrease the final cost of CO 2 sequestration from industrial sources or power plants (Raeesossadati et al., 2014) . However, to achieve the proposed potentials of a coupled algal systems, maximizing autotrophic production is of primary importance. It could be applicable through using high rate algal ponds (HRAPs), which play an efficient and cost-effective role for the conventional wastewater treatment widely used in industrial scale globally (Craggs et al., 2012) . HRAPs in comparison to the traditional wastewater methods has lowered the capital and operating costs, does not need advanced technology to operate, while providing all the benefits of coupled systems to produce biofuel (Craggs et al., , 2012 .
Conclusion
Low-cost cultivation, high metal ion uptake, and metal selectivity, and suitable mechanical properties for large scale production makes algae a suitable candidate for wastewater bioremediation. A complete characterization of biochemistry of microalgal substrates and its environmental benefits will be necessary to credibly emphasize the advantages of algal biosorption over conventional ion-exchange resins and routine chemical treatments. Further research at both fundamental and field-scales will assist optimization of final biosorption capacity to improve the economic sustainability and practicalities of large-scale implementation of algal heavy metal bioremediation. To achieve implementation of algal biosorption technology in industrial and environmental remediation requires a better understanding of influencing parameters, including initial concentrations, physico-chemical conditions, and also contact times, in addition to other parameters discussed in this review article. Successful biosorption processes require inexpensive biomaterials display high metal uptake and selectivity based on biochemical constitution, as well as suitable mechanical properties for applied remediation procedures. Based on the high biomass productivity of wastewater-grown algae, it is an attractive dual-use algae cultivation for wastewater treatment coupled with other downstream or hybrid production systems. However, lifecycle assessment, techno-economic analysis and energy intensity of any utility-connected algae systems should be precisely determined prior to implementation.
